Methamphetamine has neurotoxic effects on serotonergic, dopaminergic systems. These systems are responsible for learning and memory functions. Also oxidative stress is known to play a prominent role in the neurocognitive deficit, so the aim of present study is evaluates the effect of crystal meth on spatial learning and memory in parallel with oxidative stress parameters. 28 Male mice were randomly divided into 4 groups, including (I: sham, saline), (II: crystal meth 5 mg/kg), (III: crystal meth 10mg/kg); and (IV: crystal meth 15 mg/kg) (n=7). Characteristics of learning and spatial memory were assessed using Morris Water Maze (MWM). Malondialdehyde (MDA), superoxide dismutase (SOD) and catalase (CAT) were assayed in all groups. Data analysis was performed by using one way ANOVA. Crystal meth reduced spatial memory and this reduction in the dose of 15 mg/kg was very high (p<0.001). The level of malondialdehyde increased in crystal meth 15 mg/kg (P<0.001). Significant elevation in SOD activity was shown in crystal meth 15 mg/kg (P<0.05). The level of CAT showed dose dependently increase in all crystal meth groups (P<0.001). The observations reveal that crystal meth can impaired the spatial memory as well as the disturbances in oxidative stress in the prefrontal cortex of rats.
INTRODUCTION
Methamphetamine (MA) is an attractive drug of abuse with easy availability because of inexpensive production and distribution of the drug in various communities (1) . Cerebral vasculitis, cerebrovascular accidents due to hemorrhage or vasospasm, cerebral edema, seizures and death have also been reported in amphetamine abusers (2). The effects of MA in the central nervous system are mediated mainly by its effects on stimulation of the monoaminergic dopamine, norepinephrine, and serotonin systems. Levels of specific monoamines increase in a regionally dependent manner, based partly on the local density of monoamine terminals. Crystal meth is short for crystal meth amphetamine. The acute and chronic effects of methamphetamine are different. In general methamphetamine by ____________________________ *Correspondence to: H. Hatami depleting serotonin and dopamine vesicles in serotonergic and dopaminergic axon terminals resulted in memory reduction (3). Short term and long term effects of methamphetamine is different. Acute MA was shown to produce improvements in cognitive processing when given to drug-naive subjects (4). In contrast, more recent studies have shown that long-term MA use is associated with impaired performance on a number of cognitive tasks (5-6). It has been concluded that acute cognitive effect of therapeutic dose of MA tend to increase attentiveness and speed of processing, but also decrease ability to filter information (7). So the neurobehavioral effects of methamphetamine depends on: time course usage and dose. It is well known that amphetamine induces an acute and rapid release of both 5-HT and dopamine from nerve endings, which may undergo oxidative deamination by monoamine oxidase (MAO), leading to the formation of deleterious amount of hydrogen peroxidase (H 2 O 2 ) (8). The O-quinones metabolites of methamphetamine are highly redox cycling, generating semiquinone radicals and leading to the formation of reactive oxygen species (ROS) and reactive species (9). Since the reactive O-quinone intermediates are electrophilic compounds, cellular damage can occure through alkylation of crucial cellular proteins and or/ DNA (10). Therefore amphetamine metabolites can be major effectors of amphetamine neurotoxic effects, though the mechanisms behind their toxicity remain to be clarified. Some of the damages to the central neural system that are observed following amphetamine and methamphetamine (MA) administration are known to be linked to increased formation of free radicals. It has been well document that oxidative damage plays an important role in the pathogenesis of various CNS disorders and neurobehavioral impairments. There is good evidence that oxidative stress and reaction oxygen species (ROS) contribute in the learning and memory impairments (11) . Also several studies link the formation of reactive oxygen species (ROS) to the CNS neurotoxicity following administration of MA, which is an amphetamine stimulate (12) (13) . SOD is the first step of the defense system against oxidative stress, which is an important free radical scavenging action. The current study performed to determine the activity of antioxidant enzymes including SOD and CAT to assess the effects on ROS, and MDA level as an indicator of oxidative damage or lipid peroxidation in rat brain after crystal meth administration (14) . Previous studies found that hippocampus and prefrontal cortex (PFC) were involved in the modulation of different processes of spatial learning and memory (15) . Spatial learning and memory in the Morris water maze (MWM) is linked to prefrontal cortex function (16) . Based on the putative involvement of learning and memory system in drug addiction in the current study, we tested the hypothesis that adult male rats exposed to a repeated different neurotoxic doses of crystal meth (5, 10 and 15 mg/kg) daily for 5 consecutive days, would exhibit impairment in spatial memory in parallel with a alterations in oxidative stress parameters.
MATERIALS AND METHODS Animals
28 Adult male Wistar rats weighing 200-250 g (The animal house of Tabriz University of medical sciences) were housed in standard hygienic plastic (7 in each cages) under a 12-h light/dark cycle (lights on at 07:00 a.m.) in a room with controlled temperature (23±2 ˚C).
Food and water were available ad libitum. The experiments were carried out during the light phase of the cycle. All animal procedures were performed according to the National Institutes of Health's Guide for the care and use of laboratory animals. Efforts were made to minimize the number of animals used and their suffering. The animals were randomly divided into following groups (7 animals per group): I (sham, saline); II (crystal meth 5 mg/kg); III (crystal meth 10 mg/kg); and IV (crystal meth 15 mg/kg). All drugs were injected intra peritoneally (i.p) at 1 ml/kg body weight.
Crystal meth administration:
Crystal meth dependence was induced by an intraperitoneal injection of different doses of Crystal meth (5, 10, 15 mg/kg) for 5 consecutive days.
Morris water maze testing
Characteristic of learning and spatial memory was evaluated using Morris Water Maze for 6 consecutive days following the treatment period. Morris water maze (MWM) consists of a circular pool (136 cm in diameter and 60 cm in height) that was filled with opaque water (20±1 ˚C) and a hidden platform which was located in a fixed spot. The walls of the pool and the platform were dyed black to conceal the platform. Four positions around the edge of the tank were arbitrarily designated north (N), south (S), east (E) and west (W) to provide four alternative start positions, and define the division of the pool into four quadrants. The escape platform (10 cm diameter) was placed at the midpoint of one of the quadrants, 2 cm below water surface. A video camera was mounted directly above the tank to record the rats' swim paths. The parameters escape latency (i.e., time to reach the platform, in seconds), the path length (i.e., distance traveled to reach the platform, in centimeters) and swimming speed were analyzed for all 5 days. The animals were given four 60-second training trials each day, over 6 consecutive days. For each training trial, the rats were placed in the water facing the pool wall at one of the four starting positions (N, S, E and W, varied from trial to trial in a pseudorandom order) and were given 60 s to reach the platform. Rats were carefully guided by hand to the platform if they failed to locate it within 60 s. Regardless of success or failure to reach the hidden platform; all rats were left on the platform for 15 s during the inter-trial interval and then placed in their heated cage until their next trial on the next day (17).
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Measurements of oxidative stress markers in the prefrontal cortex After termination of behavioral testing days, rats were killed by decapitation and the brains were quickly removed and kept at -80 ˚C until used for preparation of homogenates. At the day of analysis, the prefrontal cortex tissues were homogenized in cold KCl solution (1.15%) to give a 10% homogeny suspension and used for biochemical assays.
Lipid peroxidation assay
Malondialdehyde (MDA) results from degradation of polyunsaturated fatty acids. The production of this substance is used as a biomarker to measure the level of lipid peroxidation. MDA reacts with thiobarbituric acid (TBA) as a thiobarbituric acid reactive substance (TBARS) to form a 1:2 MDA-TBA adduct, which absorbs at 535 nm. Thus, the quantity of TBARS is proportional to the amount of MDA. Concentration of TBARS is determined according to the method of Mihara and Uchiyama (1978) . Briefly, 3 ml of 1% phosphoric acid and 1 ml of 0.6% w/v TBA aqueous solution were added to 0.5 ml of homogenate supernatant and heated for 45 min in a boiling water bath. After cooling, 4 ml nbutanol was added; the mixture was shaken and then centrifuged at 3,000×g for 10 min. Then the absorbance of the samples at 535 nm was measured. The concentration of TBARS was calculated using the MDA standard curve and is represented as nmol/mg of protein (18) .
Superoxide dismutase (SOD) assay SOD activity in the hippocampus homogenates was assayed using a method based on the ability of the enzyme to inhibit the autoxidation of pyrogallol. Briefly, 1 ml of Tris-HCl (45 mM) buffer containing EDTA was mixed with 5 μl of homogenate supernatant and was placed in the spectrophotometer. The unit was autozerod at 420 nm and then 50 μl of pyrogallol (0.2 mM) was added to the above solution and quickly the absorbance of samples was measured at 420 nm every 15 seconds, up to two minutes. The inhibition of pyrogallol autoxidation is proportionate to the activity of SOD present in the sample. Enzyme inhibitory capacity is defined as one unit of SOD (19) .
Catalase (CAT) assay
CAT activity was determined according to (1984) . Briefly, hydrogen peroxide (20mM) in a phosphate buffer (50mM. pH 7.2) was used as hydrogen peroxide substrate and decrease of the Statistical analysis substrate in H2O2 concentration at 25 0 C was followed spectrophotometrically at 240 nm for 1min. Activity of the enzyme was expressed in units per mg of protein, with 1 unit equaling the amount of enzyme that degrades 1µm H2O2 in a minute (20) .
Statistical analysis
The values were presented as mean ± standard error of the mean (S.E.M). Statistical differences were analyzed using a one-way ANOVA followed by Tukey test at the 0.05 level of significance.
RESULTS

Analysis of spatial memory in crystal meth
treated animals:
A-Effect of different doses of crystal meth on the escape latency to find hidden platform: One way ANOVA analysis revealed that the escape latencies were significantly different between the crystal 5, 10, 15 and saline groups. As are shown in Figure 1A we observed significant difference between crystal 5 mg/kg and salin group on day 2 (p<0.01), and on day 3 (p<0.001). Significant different between crystal 10 and crystal 15 mg/kg with salin observed on day 2, 3 and 4 (p<0.001). Also significant difference between crystal 15 mg/kg with salin has been observed on day 5 (p<0.001).
Significant difference between crystal 5 mg/kg with crystal 10 has been observed on day 4 (p<0.05), and Also significant difference between crystal 5 mg/kg with crystal 15 has been observed on day 4 (p<0.01), and on day 5 (p<0.001). As well as significant difference between crystal 10 mg/kg with crystal 15 has been observed on day 5 (p<0.01).
B-Effect of different doses of crystal meth on
the traveled distance to find hidden platform: As are shown in Figure 1B we observed no significant difference between crystal 5 mg/kg and salin group on any day. Also significant difference between crystal 10 mg/kg with salin group was observed on day 2 (p<0.01), and on day 4 (p<0.001). Significant difference between crystal 15 mg/kg with salin observed on day 1 (p<0.01). Also significant difference between crystal 5 mg/kg with crystal 10 was observed on day 2 (p<0.05), on day 1 (p<0.01), and on day 3 (p<0.001). And also significant difference between crystal 10 mg/kg with crystal 15 observed on days 1, 2 (p<0.001) and on day 4 (P<0.01).
Trakia Journal of Sciences, Vol. 14, № 2, 2016 Figure 1 (A) . Effect of different doses of crystal meth on the escape latency to find hidden platform in 5 consecutive days. Groups: (I: sham, saline), (II: crystal meth 5mg/kg), (III: crystal meth 10 mg/kg); and (IV: crystal meth 15mg/kg). Data represent means ±S.E.M (n=6). ** (p<0.01), *** (p<0.001) significant difference when compared with saline group. # (p<0.05) represent significant difference between crystal 5 and crystal 10 mg/kg on day 4. $$ (p<0.01) significant different when compared crystal 5 and crystal 15 on day 4 and $$$ (p<0.001) represent significant difference between crystal 5 and crystal 15 mg/kg on day 5. && (p<0.01) represent significant difference between crystal l0 and crystal 15 mg/kg on day5.
Figure 1 (B).
Effect of different doses of crystal meth on the traveled distance to find hidden platform in 5 consecutive days. ** (p<0.01), *** (p<0.001) significantly different when compared with saline group. # (p<0.05), ## (p<0.01), ### (p<0.001) represent significant difference between crystal 5 and crystal 10 mg/kg on day1, 2 and 4. && (p<0.01), &&& (p<0.001) represent significant difference between crystal l0 and crystal 15 mg/kg on day 1, 2 and 4.
C-Effect of different doses of crystal meth on
the swimming speed to find hidden platform: As are shown in Figure 1C we observed significant difference between crystal 5 mg/kg and salin group on day1 (p<0.01), and significant difference between crystal 5 mg/kg and crystal 10 has been observed on day 5 (p<0.05). As are shown in Figure 2A , there are significant difference in malondialdehyde (MDA) level between dose of crystal meth 15 mg/kg with slain group (p<0.001). Significant difference between crystal 5 mg/kg with crystal 15 has been observed (p<0.01). 
C. Effect of different doses of crystal meth on the antioxidant enzyme CAT
As are shown in Figure 2 C, there are significant difference in CAT activity between saline group and crystal 10 (p<0.05), and crystal 15 (p<0.001). Significant difference in CAT activity between crystal 5 mg/kg with crystal 10 (p<0.05) was observed. Significant difference between crystal 5 mg/kg with crystal 15 observed (p<0.001). Also significant difference between crystal 10 mg/kg with crystal 15 was observed (p<0.01).
DISCUSSION
In the present study, 3 doses of crystal meth (5, 10 and 15 mg/kg) comparatively were used in evaluating memory impairment. Our results showed crystal meth in 3 doses had an increased escape latency time and traveled distance to find hidden platform in a MWM task. The impairing effect crystal meth on spatial memory was dose dependent, so that crystal meth 15 mg/kg had severe neurotoxic effect on spatial memory. It has been shown that high doses of crystal meth (15 and 20 mg/kg) in early days of gestation impair spatial memory in the Morris water maze (MWM), while lower doses (5 ,10 mg/kg) did not have any effect on cognition in adult offspring (21) . In our previous study it has been shown that crystal meth in the doses of (5, 10 and 15 mg/kg) impaired short term memory by using shuttle box setup. Crystal meth 15 mg/kg showed most severe impairing effect on memory retention (22) . The effect of amphetamine on Groups cognitive functions depends on the protocol of dose and time course administration. So based on these two main factors, there are many contradictory studies in this field. Therefore impairing or improving effects of amphetamine on cognitive functions based on dose and duration of administration would be expected. Previous studies mainly focused on the neurotoxic effects of crystal meth, which found that high doses of crystal meth impaired spatial learning ability and recognition memory (23) . Impaired recognition memory and spatial memory was also detected in animals experienced repeated (once daily for 5-7 days) low dose (1.0 mg/kg) MA treatments (24) . Besides, low dose MA administration was reported to improve memory in human addicts (25) and also in animal models. However, there were few studies about how MA modulates spatial learning and memory when it was given during different phases of memory formation and during reconsolidation (26) . Both hippocampus and prefrontal cortex are regions important in spatial learning and memory in humans and rodents (27) (28) (29) . Extensive destruction of hippocampal pyramidal cells by MA would have affected the ability of exposed rats to correctly navigate in the maze and this could also have contributed to their poor performance on the maze. Histological study clearly support earlier reports that crystal meth extensively destroys hippocampal neurons (30) and that crystal meth induces neurotoxicity in the brain. High doses of crystal meth disrupt blood brain barrier in the limbic regions producing extensive neuronal degeneration in the hippocampus, leading to learning and memory loss (30) . Also it has been reported that animals administered with crystal meth (10 mg/kg) of three days alone showed significantly longer latency and reduced number of times they located the platform during the probe trial after administration. This indicates poorer learning and memory capacity (31) . Therefore the present studies have shown that crystal meth negatively affects learning and memory. In the other part of this study we tested the hypotheses that crystal meth-induced neurotoxicity may be linked to the oxidative stress parameters within the prefrontal cortex. In fact some of the damages to the central neural system that are observed following amphetamine and methamphetamine (MA) administration are known to be linked to increased formation of free radicals. Free radicals have relatively short half-lives, and thus the determination of their levels is difficult. Therefore, they can be evaluated indirectly by measurement of some antioxidant enzyme levels such as superoxide dismutase (SOD), catalase (CAT), by products of lipid peroxidation such as (MDA). The present study focused on evaluation of lipid oxidation and antioxidant defense mechanisms and examined the amount of MDA formation, which is an end product of membranes fatty acid peroxidation (32) and the activity level of CAT and SOD, which is the enzyme that scavenges superoxide anions (33) . According to our results, the level of MAO, as a lipid peroxidation index increased in crystal meth group 15 mg/kg when compared with control group. Also we found a significant elevation in SOD level only in crystal meth 15 mg/kg. The level of CAT shown dose dependently increase in all crystal meth groups. In the current study, the significantly elevated MDA activity in rat prefrontal cortex administered 15 mg/kg crystal meth for 5 days showed that this crystal meth might have an effect of increasing lipid peroxidation. This finding is in agreement with previous study show methamphetamine (10 mg/kg) administration significantly elevated MDA level in rat brain (34) . In other methamphetamine studies, elevated TBARS levels have been indicator of lipid peroxidation following methamphetamine administration (34) . In disagreement with current study, it has been shown there was no difference in MDA levels of rat brains following methamphetamine 10 mg/kg (35) . These findings are in agreement with previous studies showing the formation of reactive oxygen species (ROS) to the CNS neurotoxicity following administration of crystal meth. Increases in levels of various oxidation products following crystal meth administration have been reported suggesting a role for antioxidant mechanisms in reducing crystal meth -induced toxicity (36) . As mentioned above in the current study crystal meth administration (10, 15 mg/kg) significantly increased the level of SOD in prefrontal cortex of rat. SOD is the first step of the defense system against oxidative stress, which is an important free radical scavenging action. Our results are consistent with previous reports that methamphetamine treatment causes 1.2-fold increase in the activity of SOD (35) . In other reports acute perioral administration of a single dose of 3, 4-methylenedioxymethamphetamine (5, 10, 20 and 40 mg/kg) resulted in increase of SOD (37) . With the exception of brain, methamphetamines increased the activity of SOD in other tissues such as liver (38) . The level of catalase (CAT) activity in our study was significantly increase dose dependently. This finding is in line with recent works showing a decrement of CAT activity by methamphetamine-induced oxidative stress (39) . Also in other reports in human methamphetamine abuser, the activity of CAT was decreased in erythrocytes (40) . In conclusion, our findings supports the idea that crystal meth exposure can cause a neurocognitive deficit that which indirectly correlates with oxidative stress parameters. The results obtained in the present study suggests that oxidative stress plays a crucial role in crystal meth-induced neurotoxicity and spatial memory impairment.
